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[57] ABSTRACT 
A multi?ber electrical brush formed of an electrically 
conductive matrix material having plural electrically 
conducting ?ber wires embedded therein and extending 
therefrom, wherein the ?ber wires have a diameter 
varying from 1 to l20um, a length on the order of 100 
times greater than the diameter thereof, and a packing 
density between l—25%. Suitable materials for the ?ber 
wires are platinum, gold, silver, copper, palladium, or 
niobium which may be embedded in a copper, silver, or 
other suitable matrix material, or copper embedded in 
an aluminum matrix. The ?ber wires may be provided 
with a coating of a suitable barrier material on the lat 
eral surfaces thereof as may be required to protect the 
?ber wires from etching during removal of the matrix 
material,- or to prevent and/or retard interdiffusion 
between the matrix material and the ?ber wire material 
during annealing or hot-forming of brush stock, and/or 
to impart improved electrical performance to the resul 
tant electrical brush. The electrical brush is fabricated 

' typically by drawing, cutting, bundling and redrawing 
metal ?ber wires, with or without a coating or casing of 
a barrier material, packed in a tube of matrix material, 
whereupon after shaping of the multi-?lamentary ends 
to the shape of an object to which the brush is to make 

; contact, the matrix is etched away to a predetermined‘ 
length, preferably under high centrifugal forces in a 
centrifuge and/or with the application of ultrasound. 

33 Claims, 13 Drawing Figures 
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FIG. 2a ' ‘FIG. 2b 7 
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FIG. 3 
GOLD FIBERS 11v COPPER MATRIX 
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FIGJI 
Nb FIBERS IN COPPER MATRIX 
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ELECTRIC BRUSH 

BACKGROUND OF THE INVENTION 

1. Field of the Invention ‘ 
This invention relates to an electrical brush for mak 

ing electrical connection to an object having a predeter 
mined shape and a predetermined orientation relative to 
the brush, such as a slip ring in a motor or electrical 
generator, or a stationary contact in‘ a switch. This 
invention also relates to- a method of making such an 
electrical brush. : 

2. Description of the Prior Art 
Electrical brushes for utilization in electrical applica 

tions have long been known in the prior art. Perhaps the 
earliest modern electrical brush was disclosed by Edi 
son in U.S. Pat. No. 276,233, which resulted in numer 
ous suggested improvements on. electrical brushes, as 
well as related inventions which have otherwise never 
found signi?cant application. ' . 

Thomson, in U.S. Pat. No. 539,454, recognized vari 
‘ous advantages of electrical brushes constructed of 
plural lightly metalized carbon ?laments, and in particu 
lar the'improved brush conductivity, elasticity'and re 
duced mechanical and electrical resistance thereby pro 
vided. , 

More modern development of electrical brushes is 
‘evidenced in U.S. Pat. No. 3,668,451 to McNab and 
U.S. Pat. No.'3,821,024 to Wilkin et al. In the McNab 
patent is disclosed an electrical brush formed of refrac 
tory nonconducting ?bers, each of which has deposited 
thereon a metal‘ ?lm on the surface thereof to carry 
current. According to McNab, the ?bers can be of very 
small diameter, less than 10,000ths of an inch, and with 
a relatively thin metallic coating resulting in a consider 
ably more ?exible brush having greater current carry 
ing capacity than the brushes known prior to that time. 
In the Wilken et al patent, an electrical brush is con 
structed using carbon ?bers coated with an underlayer 
of nickel and an outer layer of silver having an average 
?lament diameter of 7.5 pm coated with metal layers 
estimated as having thicknesses of on the order of 1 pm. 
According to Wilkin et al, improved electrical perfor 
mance is thereby attained due to the fact that the nickel 
underlayer adheres better to the carbon ?ber while 

' making excellent connection to the silver outer layer. In 
addition to nickel, underlayers of chromium, iron and 
cobalt are identi?ed as being suitable, while overlayers 
of gold, copper and alloys of silver and copper are also 
identi?ed as being suitable overlayers. 

Insofar as the prior art methods of making ?ber 
brushes are concerned, these methods were rather 
straightforward as long as metal ?bers or wires having 
diameters of 100 pm or more were used, namely via the 
mechanical assembling of bundles'of ?bers like ordinary 
bruushes. In that case one may ‘begin with already as 
sembled wire or ?ber materials such as grounding ca 
bles, spooled wire or ?bers, or woven material out of 
which the weft, for example, is removed, leaving only 
the warp. With carbon ?bers such methods are feasible 

. down to much smaller diameters since carbon ?bers are 
commercially available in tows and at relatively modest 
cost, including diameters of the individual ?laments on 
the order of 10 am. With metals, the cost of wire mate 

~ rial rises very steeply with decreasing diameters and 
becomes prohibitive. " 
A grave disadvantage of mechanical methods of 

brush making using ?bers of small diameters is the dif? 
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culty of reliably adjusting the packing density on a small 
scale, as well as to shape the brush surface to conform to 
the surface of an object to which the brush is ultimately 
required to make electrical contact. Shaping of the 
brush surface is further complicated where an angle of 
attack other than 90° is required to make contact with 
the object, for example, a rotor in an electrical motor or 
generator. Shaping of the brush is not necessary for 
brush diameters that are suf?ciently small. Also, it does 
not pose much of a problem if the packing density is 
high, for example, 25% or higher depending on ?ber 
smoothness, since at such packing density the internal 
friction among the ?bers renders the brush relatively 
stiff. However, at low packing density serious problems 
are otherwise encountered. 

Various methods, asrepresented by U.S. Pat. No. 
3,394,213 to Roberts et al and U.S. Pat. No. 3,277,564 to 
Webber et al, are disclosed in the prior art for forming 
microscopic ?laments of long length. As taught by 
Webber et al, a sheathed wire is ?rstly drawn down 
through a suitable die to reduce the diameter of the wire 

- within the sheath, whereupon a plurality of the reduced 
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sheath wires are then disposed within a sheath formed 
of a suitable matrix material which 'may but need not 
necessarily comprise the same material as the sheath. 
The bundle of sheathed wires is then drawn down to 
de?ne another reduced diameter, which can be succes 
sively drawn down to even smaller diameters as may be 
required for a particular application. Individual ?la 
ments of reduced diameter are then obtained from the 
?nal bundle by etching away the matrix material. In the 
Roberts et al disclosure, plural ?laments having a diam 
eter of under 15 ‘um are formed by providing in a hous 
ing material a bundle of substantially parallel sheathed 
elongated drawable elements from which the ?laments‘ 
are to be formed, evacuating the housing, heat forming 
the evacuated housed bundle, cold drawing the bundle 
to further reduce the cross-section of the elements 
therein and then removing the housing and sheathing 
materials by means of etching. 
Another prior art patent of interest is U.S. Pat. No. 

3,818,588 to Bates, which discloses an electrical brush 
constructed by molding an aligned array of metal 
coated carbon ?bers onto a block. According to Bates, 
the block may be several times the required length and 
width of a brush, in which case it is then cut into strips 
corresponding to the desired length of the brush. The 
coating is then removed for part only of the lengths of 
the brush to expose the individual carbon ?bers at one 
end but leaving them consolidated for connection to a 
conductor at the other end, whereupon the strips are 
?nally cut up to form individual brushes. 
Although the concept of metal ?ber electrical 

brushes is not of itself new, widespread introduction of 
metal ?ber brushes has been prevented, presumably for 
several reasons. Firstly, ?ber brushes tend'to be more 
expensive than solid, i.e. “monolithic” brushes. Se 
condly, the monolithic graphite brush was successfully 
improved to the point that from the technical view 
point, its losses are easily tolerable for the large major 
ity of common applications, its lifetime is long, and its 
cost low, albeit the cost of energy lost in the brushes 
will often exceed their cost. Thirdly, while the braod 
concept of ?ber brushes was known, a theoretical un 
derstanding of the interrelationship of brush parame 
ters, such as packing density, ?ber diameter, brush pres 
sure and ?ber length, as well as experimental testing, 
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was lacking, thereby- effectively precluding derivation 
of optimum brush parameter combinations. vvAddition 
ally, past failure to achieve superior performance hy 
pothesized for metal brushes may have further discour 
aged purposeful research, to the extent that metal ?ber 
electrical brushes exhibiting the expected performance 
have not heretofore been available. ‘ p ' 

During the past several years, a new interest in the 
development of improved brushes, whether ?ber or 
monolithic, has arisen due to the development of engi 
neering concepts and planned devices which call for 
very low “noise” of the brushes, or very high current 
densities, or high relative speeds, often with only small 
potential differences driving the currents, demanding 
much lower losses per ampere conducted than was 
previously permissible, or any combination of the above 
conditions. As a result, the prior art brushes cannot 
meet the envisioned considerably more stringent re 
quirements, necessitating the development of the im 
proved metal ?ber electrical brush of the invention. 

SUMMARY OF THE INVENTION 

Accordingly,vone object of this invention is to pro 
vide a new and improved multi?ber electrical brush 
capable of meeting the stringent requirements of mod 
ern applications, i.-e. capable of operating at high cur 
rent densities and- high relative speeds with reduced 
losses per ampere conducted, and low noise. 
Another object of this invention is to provide a novel 

metal ?ber electrical brush having a large number of 
current carrying spots (called a-spots),'and good com 
pliance for operation at reduced mechanical loading. 
Yet another object of this invention is to provide a 

novel metal ?ber electrical brush exhibiting lower elec 
trical and/or mechanical losses, especially at high ve 
locities. ’ 

Another object of this invention is to provide a novel 
metal ?ber electrical brush exhibiting low contact resis 
tance when making electrical connection to stationary 
as well as moving or rotating contacts. ’ 
Another object is to provide a novel metal ?ber elec 

trical brush which produces considerablyv lower elec 
trical/radio noise than heretofore possible. 
Yet another object is to provide a novel metal ?ber 

electrical brush which can be utilized with or without 
lubrication. _ ' 

Another object of this invention is to provide a novel 
metal ?ber electrical brush which exhibits the above 
noted improved performance regardless of whether or 
not the brush is conducting direct or alternating cur 
rent. . . 

A further object of this invention is to provide a 
novel method for producing a new and improved'multi 
?ber electrical brush exhibiting reduced friction among 
vthe ?bers to enable individual flexing of the individual 
?bers. ‘ - v a ' 

Yet another object of thisinvention is to provide a 
new and improved method as above-noted, resulting in 
the production of smooth, well separated generally 
parallel ?bers. ‘ 

A further object of this invention is to provide a 
novel method for producing the above-noted multi?ber 
electrical brush, wherein the composite shape of the 
contacting brush surface is shaped in correspondence to 
the shape and ‘relative position of an object, such as a 
rotor, slip ring, or stationary contact, to which the elec 
trical brush is intended to make contact. 
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4 
Another object of the present invention is to provide 

a novel method, readily adaptable for larger scale tech 
nology, for producing the requisite multi?ber electrical 
brush. . , . 

These and other objects are achieved according to 
the inventionby providing a new and improved electri 
cal brush for making electrical connection to an object 
having a predetermined shape and relative position, 
wherein the brush is constructed of an electrically con 
ductive matrix material having plural electrically c0n~ 
ductive wire ?bers “embedded therein, each of the ?ber 
wires having a diameter between 1 and 120 um and 
extending from the matrix material a length equal to at 
least 20times the individual ?ber diameter, with a pack 
ing density relative to the cross-sectional area of the 
matrix material varying from 1 to 25%. In preferred 
embodiments, noble metals, iron, nickel, tungsten, nio 
bium or copper and their high concentration alloys are 
employed as ?ber materials with or without a surface 
covering, called a “barrier material” in the following, 
comprising one or more layered components such as of 
a noble metal, aluminum, nickel or copper, carbon or an 
organic compound, singly or in various combinations 
and sequences of layering, in connection with an electri 
cally conductivematrix material with a melting point 
above 150° C. such as copper, aluminum, silver or their 
alloys. The above list will illustrate the concepts but 'is 
not exhaustive with other materials also being under 
consideration. In one embodiment, the barrier material 
is applied by placing each ?ber wire into a tubing before 
being formed into part of the multi-?lamentary brush 
stock by the methods described above, or else the bar 
rier material is applied chemically, electrolytically, by 
dipping, by spraying, by chemical vapor deposition, by 
electrophoresis, by sputtering, by plasma deposition or 
by other means, or by any of these methods singly or in 
combination, including the use of tubing as noted. 
Advantageously, the electrical brush of the invention 

is characterized by the fact that the ends of the ?ber 
wires extending from the matrix are compositely shaped 
to correspond to the predetermined shape and relative 
position of the object with which the multi?ber electri 
cal brush is to contact. ‘ 

According to the invention, the multi?ber electrical 
brush is produced by etching away from a suitably 
shaped end of a piece of brush stock all but the bare 
?bers, or the ?bers including part of the barrier mate 
rial, or the ?bers with the barrier material intact, and 
optionally depositing a single or multilayer surface cov 
ering to the lateral and/or end surfaces of the ?ber ends 
protruding fromthe solid part of the brush stock re 
maining after the etching, by means of subliming, sput 
tering, electroplating, electrophoresis, chemical vapor: 

or other suitable methods deposition, plasma deposition, 
singly or in combination. 
' In one method, brush stock, incorporating the desired 
matrix, barrier, and ?ber materials, of desired outer 
shape and dimensions, with ?bers of predetermined 
diameter and of a predetermined number, is produced 
by packing a predetermined number of wires of a ?ber 
material, with or without a barrier material, and wires 
of a matrix material, not necessarily of the same diame 
ter of cross-sectional shape, in a tube consisting of the 
matrix material‘ or of some other suitable material, and 
drawing, extruding and/or rolling the tube with the 
?ber wires and the matrix wires placed therein through 
at least one die or increment to reduce the diameter of 
the ?ber wires to a predetermined size. If so desired, the 
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tube next undergoes one or more rebundling and further 
drawing, rolling and/or extrusion operations, option 
ally after ?rst removing the outermost tubing, including 
cutting into predetermined lengths, placing into another 
tube of predetermined size and shape, of the matrix 
material or some other suitable material, and drawing, 
extruding and/or rolling through at least one die or 
increment to reduce the cross~section of the new outer 
tube to a predetermined size and shape. Alternatively, 
the rebundling can be effected, without cutting, in a 
continuous process through employing two or more 
tubings as produced in the manner ?rst described. 
The numbers and diameters of the ?ber and matrix 

wires at the start of the process of brush stock manufac 
ture, as well as the inner and outer diameters of the 
tubings used and the number of rebundlings are chosen 
to yield the desired number and diameter of the ?ber 
wires when the brush stock has been rolled, extended, 
and/or drawn to its desired ?nal shape and size. 
Swaging is another possible method by which the 

discussed operations of lengthening the outer tubing via 
_ reducing its cross-sectional area can be effected. How 
ever, to the extent that swaging yields distinctly less 
uniform deformation than the other methods, thus lead 
ing to less straight and less uniform ?ber wires than 
obtainable by drawing, rolling and/or extrusion, swag 
ing is a less desirable method. Of the latter three meth 
ods, extrusion results in the most uniform deformation 
in many cases but requires very expensive machinery 
not ordinarily available in a laboratory, but nevertheless 
feasible for commercial purposes. 
The mechanical working, i.e. drawing, rolling and/or 

extruding, can be performed at ambient or elevated 
temperature as may be most convenient and appropriate 
for the choice of ?ber, matrix and barrier materials. At 
or before the ?rst onset of cracking, if any, of matrix, 
barrier or ?bers, annealing treatments may be inter 
posed as required. Usually, unless other considerations 
intervene, care is taken to keep annealing times brief, 
e.g. in the range of about 2 to 20 minutes for any one 
segment of brush stock, and at as low a temperature as 
will adequately soften those parts of the brush stock 
which otherwise are subject to cracking. This is done in 
order to forestall undesirable coarsening of the crystal 
lites in the ?bers and/or matrix and to limit interdiffu 
sion. 

After ?ber brush stock has been procured, as de 
scribed or by any other method, the method includes 
cutting off a suitable length of the ?ber brush stock, this 
piece being at least equal to that required to accommo 
date the intended ?ber lengths and brush contour, plus 
at least about one millimeter in the direction of the 
?bers so that the ?bers remain securely anchored after 
etching and so that the brush may be handled, including 
the optional addition of holding devices, during the 
subsequent steps of the manufacturing as well as during 
later use.‘ 

The method further includes mechanically shaping 
one end surface of the brush stock inverse to the shape 

- and in correspondence to the relative position of the 
rotor, slip ring or contact to which the ?nally produced 
brush is to ultimately contact. The method further in 
cludes etching away all the other tubing, the matrix, and 
none, part or all of the barrier material, if any, to the 
predetermined length from a speci?ed point on the end 
surface, say, where the axis of the ?ber stock intersects 
the end surface of the brush stock or piece of brush 
stock. Optionally, the cutting operation may be done 
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6 
before the shaping operation or after it, or it may be 
done after the etching operation. Shaping of the brush 
stock end may be done by grinding, sawing, turning on 
a lathe, milling, drilling or any other similar methods 
singly or in combination. 

In cases demanding high precision and/or perfor 
mance, the brush stock end should be shaped not ex 
actly but generally to the shape and relative position of 
the object to which the brush shall ultimately make 
contact so as to make allowance for differentials in the 
(elastic) ?ber deformation when the brush is in use, for 
the reason that the ?bers are generally not all of the 
same length, especially not when the contacted object is 
curved, and are not all subjected to the same forces. For 
example, when running on a rotor the ?bers on the 
leading, but not the trailing, edge are supported by 
other ?bers behind them. ' 

The brush stock may alternatively be produced by 
coating wires of a ?ber material, with or without a 
barrier material, with a layer of a matrix material, not 
necessarily different from the ?ber material, and pack 
ing a predetermined number of such wires, alone or 
together with a predetermined number of wires of the 
matrix material, in a tube consisting of the matrix mate 
rial or of some other suitable material, and proceeding 
with drawing, rolling and/or extruding, annealing, 
rebundling, shaping and etching as before. 

Alternatively, the brush stock may also be produced 
by placing at least one wire of a ?ber material, with or 
without a barrier material, in a ?rst tube of matrix mate 
rial and drawing, extruding and/or rolling through at 
least one die or increment to reduce the wire diameter 
to a predetermined size, whereupon the drawn, rolled 
and/or extruded tube is cut into plural pieces of prede 
termined length, which pieces are rebundled in a second 
tube of predetermined size and shape, of the matrix 
material or some other suitable material and drawn, 
extruded and/or rolled until the wire ?laments and/or 
the outer tubing attain a predetermined reduced diame 
ter and/or crosssectional shape. The rebundling may 
optionally be repeated one or more times, optionally 
after first removing the outermost tubing, whereby the 
new tubing is not necessarily made of the matrix mate-. 
rial. Alternatively, rebundling can be effected in a con 
tinuous process through employing two or more tub 
ings with their content of bundled and reduced ?ber 
wires in matrix tubings, or by employing the contents of 
such tubings after ?rst removing these tubings. The 
same methods of annealing are used, and cutting, shap 
ing and etching follow as above noted. 

In the absence of a barrier material, etching of the 
drawn and shaped brush stock of matrix and ?ber mate 
rials is accomplished by selecting an etchant corrosive 
to the matrix material but non-corrosive to the ?ber 
material and immersing the end of the brush stock into 
the etchant. Etching is performed by immersing the 
shaped end of the brush stock a predetermined length 
and in a predetermined orientation into the etchant. In a 
preferred embodiment etching is performed in a centri 
fuge by centrifuging the shaped end of the brush stock 
while immersed in the etchant to force etchant circula 
tion among the wires of the ?ber material to uniformly 
etch away the matrix material to the required predeter 
mined length. 

Centrifuging is helpful or necessary if (1) the ?ber 
wires, with or without barrier material, are slightly 
attacked by the etchant, since centrifuging reduces the 
etching time; (2) close control of the ?nal matrix surface 
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is important; (3) shorter etching times'are required for 
any reason whatever; (4) “wicking” of the etchant 
causes excessive localized etching, eg at the brush 
center; or any combination of these reasons. Optionally, 
in order to super?cially protect the end of the brush 
stock from etching beyond the desired ?ber length, 
and/ or to aid in positioning the end of the brush stock in 
the etchant,ya protective coating or embedment may be 
provided. This treatment includes coating the brush 
stock beyond the desired ?ber lengths with a lacquer or 
other coating not corroded by the etchant, or embed 
ding the brush stock in an embedment material not 
attacked by the etchant, such as paraf?n or a plastic. 

In case a barrier material is used, the etchant may be 
of a kind which also attacks the ?ber material, but it 
must be non-corrosive to at least one non-porous layer 
of the barrier material, since in that case the barrier 
material will protect the ?bers from etching attack. 
Further, more than one etching operation may be used 
in sequence in order to remove the matrix and part or all 
of the barrier material. 

Different etchants may be utilized according to the 
invention, depending upon the particular matrix and 
?ber materials employed. Ordinarily, the density of the 
etchant enriched with ions of the' matrix material be 
comes greater than the density of the fresh etchant and 
the shaped brush stock end is oriented away from the 
axis of the centrifuge when running. In the reverse case, 
in which during etching the density of the ion enriched 
etchant alone or with entrapped gas, as the case may be, 
becomes smaller than the density of the fresh etchant 
devoid of gas and the ions, or when accumulating gas 
bubbles may be a problem, the shaped tube end should 
point upwards while the centrifuge is at rest, i.e. toward 
the axis of the centrifuge while running, such that spent 
etchant and/or gas bubbles are effectively removed 
from the active surface of "the matrix material during 
etching. It is necessary that'protective ?uid, immiscible 
with the etchant, non-corrosive to the matrix material 
and brush connectors, and having a speci?c gravity 
larger than that of the etchant be added to the etchant in 
that event, such that during centrifuging, the shaped 
end of the brush stock protrudes into the etchant only 
the predetermined length corresponding to the desired 
length of the ?bers. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A more complete appreciation of the invention and 
many of the attendant advantages thereof will be 
readily obtained as the same becomes better understood 
by reference to the following detailed description when 
considered in connection with the accompanying draw 
ings, wherein: 
FIGS. 1a and 1b are schematic side and end views, 

respectively, of a multi?ber electrical brush according 
to the invention; . 
FIGS. 20 and 2b are schematic side views, respec 

tively, of the multi?ber brush according to the inven 
tion, showing possible relative positioning between the 
brush and an object, such as a rotor, to be contacted; 
FIGS. 3 and 4 are microscopic photographs of a 

cross-section of multi?ber matrix elements during a 
stage in fabrication of the electrical brush of the inven 
tion; and 
FIGS. 5 to 10 are graphs illustrating selected perfor 

mance characteristics of the electrical brush of the in 
vention as a function of brush load, material selected, 
?ber diameter, velocity, current density, and surface 
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treatment of the contacting surface, with some tests 
(e.g. FIGS. 6 and 10) being run on graphitized copper 
rotors; some tests (e. g. FIGS. 5, 7 and 8) on bare copper 
rotors; some tests (e. g. FIG. 9) on a silver.‘ plated copper 
rotor, it being noted that tests were also-performed on 
gold and rhodium plated copper rotors; and 
FIGS. 11a and 11b are photos comparing noise volt 

age ?uctuations, experienced with a monolithic silver 
graphite brush and with a gold ?ber electrical brush 
according to the invention, respectively. , 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS ' 

Referring now to the drawings, wherein like‘refer 
ence numerals designate identical or corresponding 
parts throughout the several views, and more particu 
larly to FIGS. 10 and 1b, the electrical brush 10 of the 
invention (of rectangular, circular or other cross-sec 
tional shape as desired) is seen to include plural micro 
scopic ?ber wires 12 embedded in and extending from a 
matrix material 14. The circular electrical brush, 10 in 
FIG. 1 has a radius R, being that of the area covered by 
?bers after the etching, while the individual ?ber wires 
embedded therein have a radius r, with the ratio of the 
total cross-sectional area of the multiple ?ber wires 
relative to the cross-sectional area of the matrix mate 
rial, otherwise known as the packing density (f), for the 
brush having circular cross-section represented by the 
following relationship: ' 

f=nr2/R2 (1) 

where n is the total number of ?ber wires. 
FIGS. 20 and 2b illustrate relative positioning be 

tween a brush 10 and a contacting rotor 20, the angle 0 - 
corresponding to the tangential inclination of the‘brush 
at the rotor surface relative to a radial plane containing 
the rotor axis 22. The angle <1) corresponds to the axial 
inclination of the brush 10 relative to a plane perpendic 
ular to the rotor axis and the above-noted radial plane. 

In its basic principle, the objective to be achieved by 
multi?ber electrical brushes is to provide many contact 
spots on a highly conductive brush at a considerably 
smaller force between the contact surface of the brush 
and the surface of an object making contact with the 
brush than is commonly used for monolithic brushes at 
same size, speed and current density. Additionally, it is 
desired that the brush surface provides a similarly large 
number of contact spots at small loads as well as large 
loads, and that the brushes exhibit a high degree of 
compliance in the direction normal to the object being 
contacted, such as a slip ring or commutator. 
A very few simple considerations show the theoreti 

cal advantage of ?ber brushes as compared to mono 
lithic brushes. Basically, the total contact resistance 
between the brush and contacted surface consists of 
three major parts acting in series, namely the ohmic 
resistance of the body of the brush, ROHM, secondly the 
constriction resistance RCON, and thirdly the surface 
?lm resistance RF. The total contact resistance deter 
mines the electrical loss of the brush LE,at a current I 
according to the following relationship: 

The contact resistance of electrical brushes is basi 
cally controlled by the fact that only a very small frac 
tion of the geometrical contact area between the brush 
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and, for example, rotor being contacted (be it a slip ring 
or commutator) is in sufficiently intimate contact to 
permit the current to pass. Typically, the surface frac 
tion which actually conducts current is much less than 
1%. In order to increase that percentage, and thus de 
crease Rc01v+ RF, which causes the bulk of the electri 
cal loss through the brush and resultant heating since 
Rghm is typically negligible, the mechanical load on the 
brush can be increased. However, since LT, the total 
loss through the electrical brushes is the sum of the 
electrical and mechanical losses, namely LT= LE+LM, 
and since the mechanical loss, LM, given by LM= uvPB 
with p. the coef?cient of friction and v the surface ve 
locity, rises linearly with the brush load PB, this possi 
bility is severely restricted. Indeed, the total loss tends 
to be minimized when the mechanical and electrical 
losses have approximately the same magnitude. 
Given the total atomistic contact area, the number of 

current carrying spots (the so-called'a-spots) into which 
the contact area, and thus ‘the current, is divided, impor 
tantly in?uences the constriction resistance RCON. This 
.is so because all of the current flow lines must pass 
through, and thus are constricted at the a-spots, to the 
effect that the individual resistance of any one a-spot is 
comparable with the resistance of a wire of the same 
material and cross-section having a length equal to the 
diameter of the a-spot. correspondingly, when the total 
area of the a-spots is kept ?xed, the equivalent length of 
the current constrictions is comparable to the diameter 
of the a-spots which, of course, shrinks as the number of 
a-spots is increased. Since that part of the electrical 
resistance of the contact, RcoN, due to this effect is 

. proportional to the discussed equivalent length, RCON 
drops inversely as the root of the numberof a-spots if 
these are locally under plastic deformation, andsome 
what more if elastically stressed. . 
As a result, if the number of a-spots is increased by, 

for example, a factor of 100, the constriction resistance 
is decreased at least by a factor of 10. 
The third component of electrical brush loss noted 

. above is due to the electrical resistance Rpof the surface 
?lms in between the brush and the rotor surfaces at the 
a-spots. This resistance is often strongly dependent on 
the ambient atmosphere and for that reason often pro 

' tective atmospheres are used. As was shown by Holm 
(R. Holm, Electric Contacts, Springer, N. Y.), the ?lm 
resistance accounts for more than half of the total 
contact resistance even under normal clean conditions 
and with only one a-spot. With many a-spots provided, 
the ?lm resistance therefore controls the metal ?ber 
brush resistance according to the invention. 
By far, the most widely used electrical brushes of 

today are made out of one solid piece, i.e. they are 
“monolithic”, and are overwhelmingly fabricated from 
graphite, very often admixed with metal powder in 
order to enhance the conductivity. It is generally con 
sidered that the graphite functions to lubricate the inter 
face, thereby reducing the coef?cient of friction and 
mechanical losses, and also decreasing mechanical 

' wear. However, in monolithic brushes the number of 
a-spots ranges from one to only a few, so that the con 
striction resistance is at its maximum for any given load. 
Also, due to the lubrication, ?lms are deposited which 

' substantially add to the electrical resistance (compare 
Dillich et al, Electrical Contacts, 1979, page 185, ITT, 

, Chicago, 111.). Also, at best monolithic graphite metal 
mixture brushes have a compliance as of 100% graphite, 
meaning that they are always quite stiff. 
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10 
Under the described conditions, a considerable im 

provement of brush performance as compared to mono 
lithic brushes is possible, at least in principle, through 
the use of metal ?ber brushes (whether or not inter 
mixed with other?bers inserted for lubrication). The 
number of a-spots can be made as large, more or less, as 
the number of ?bers, while the brush surface can be 
made suf?ciently soft that excellent mechanical contact 
can be assured, even at high speed operation, by the use 
of much smaller loads than are needed to assure contin 
uous mechanical contact of monolithic brushes against 
the rotors. In this connection, it should be noted that it 
is often impractical to reduce the mechanical load of 
monolithic brushes to the level of minimum total loss, 
i.e. to near equality between electrical and mechanical 
loss when the brush speed is high. Namely, because of 
their rigidity, the “bouncing” and arcing of monolithic 
brushes increases with velocity, and they must be held 
against the rotor with a force increasing with velocity 
for that reason. Thus, multi?ber brushes overcome two 
important limitations characteristic of monolithic 
brushes, namely their rigidity and the low number of 
a-spots, with the corresponding lowering of electrical 
loss and mechanical loss. 

Also, the remaining component controlling the elec 
trical brush loss, i.e. the ?lm resistance, can in principle 
be greatly reduced by the use of metal ?ber brushes, 
namely if it is determined that the brushes can be run 
without lubrication, and thus their lubricating ?lm is 
eliminated, leaving only those ?lms which are unavoid 
ably present, such as through oxidation or through 
water or oxygen absorption at the surfaces. Further 
more, besides the question of lubrication, increasing the 
number of a-spots increases the total contact area if they 
are elastically stressed, thus further reducing metal ?ber 
brush resistance as compared to monolithic brushes. 

In view of the above discussion, it is believed that in 
all respects the ?ber brush, with ?bers made out of 
metal, is very superior to the conventional monolithic 
graphite brushes in common use. Not only is the ?ber 
brush ohmic resistance negligible, even if the packing 
density of the ?ber is as low as 3%, at ?ber lengths on 
the order of millimeters to l or 2 cm, but deliberate 
lubrication seems unnecessary or harmful. Namely, 
loads can be made so small that the values of mechanical 
loss are small even if u, the coef?cient of friction, 
should be near unity instead of 0.2 as is typical for 
graphite brushes. In fact, observed values have ranged 
between 0.2 and 1.0 with 0.35 most frequent. In that 
regard, it is noted that the compliance of the brush in 
the direction normal to the rotor sets a lower limit to the 
brush load since satisfactory brush behavior depends 
upon the average ?ber being bent into a radius of curva 
ture somewhat comparable to the ?ber length. 
The requisite force per ?ber to obtain a speci?c radius 

of elastic bend, at low enough packing density to permit 
independent motion of the individual ?bers, is propor 
tional to d4/L2, where d is the ?ber diameter and L is 
the ?ber length protruding from the matrix (see FIG. 1). 
As compared to the compliance of the solid monolithic 
brush, the ?ber brush can therefore be made elastically 
softer by millions choosing d/L on the order of 0.01 or 
less, that is, ?ber thicknesses on the order of 120 pm or 
less for ?ber lengths of about 1 cm at a packing density 
in the order of 20% or less. correspondingly, in addi 
tion to the need to overcome aerodynamic lift when 
signi?cantly present, the brush load is de?nitely limited 
only by the requirement to keep the brush in place with 
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at least a light elastic bending of the ?bers, and can in 
principle be made as small as desired consistent with the 
above requirement. In practice, it is pointless to reduce 
the value of the brush load to below about 0.2 N for a 
brush of 1 cm2 area, or so. At this load level the mechan 
ical loss is insigni?cant as compared to the mechanical 
loss at about 8 N/cm2 pressure typical for monolithic 
graphite brushes, while metal ?ber brush wear is liable 
to increase when the load is too light, due to increased 
heating resulting from the correspondingly increased 
electrical resistance. The preferred dimensions'of the 
brush thus depend on the desired current densities and 
speeds, and the preferred brush load is best adjusted to 
a‘, value at or below that at which mechanical loss and 
electrical loss are equal at the highest anticipated_sus 
tained current density during use. The important point 
to be made here is, however, that the indicated theoreti 
cal considerations, based on fundamentals and elabo 
rated in the course of purposeful, experimental re 
search, permit optimization of the brush design. . 
An important consideration in the use of ?ber brushes 

is the atmosphere in which they are run. Typically, 
contamination, especially apparently with gaseous oxy 
gen, sulphur and chlorine, increases the electrical loss. 
In advanced applications, it is therefore often important 
to provide a protective atmosphere. Not infrequently, 
the addition of some moisture to these is bene?cial. 

Particular advantages of ?ber brushes made of gold 
?bers, palladium ?bers and platinum ?bers are that they 
can be used in ordinary atmospheric air with little 
change of properties (say withini30%), as compared 
to their use in a protective atmosphere barring contami 
nation of the rotor with solid particles or surface ?lms, 
i.e. contamination extraneous to the ?ber brushes. From 
these results it is inferred that rhodium ?ber brushes can 
also be run in ambient air. Brushes made of any of these 
metals as ?ber material thus hold great promise for a 

‘ ‘wide range of applications, and this in spite of the high 
cost of these metals. Speci?cally, as ever better brushes 
are being developed, the brush cost per ampere con 
ducted is expected eventually to become considerably 
smaller than the, cost of the electrical energy saved 
through their use over the lifetime of the brush. Since in 
principle metal ?ber brushes according to the invention 
can be‘ used on slip rings in virtually all machinery and 
devices in lieuof monolithic brushes after suitable modi 
?catifons of the brush holders, provided that they can be 
run in air, it is expected that metal ?ber brushes accord-. 
ing to the invention will in due course displace mono 
lithic brushes in all applications in which the cost of the 
energy dissipated in the brushes is of importance, e. g. in 
commercial power generation. This is so even if metals 
made of gold, platinum, palladium and/or rhodium are 

' used for ?ber materials, although other less expensive 
‘materials are also excellent candidates at this compara 
tive early stage of metal ?ber brush research and devel 
opment. 
According to the results of numerous tests with metal 

?ber brushes according to the invention, thin continu 
ous surface layers on copper rotors, such as platings 
.with rhodium, silver and gold, and such as provided by 
graphitizing, essentially impart to the rotor the electri 
cal characteristics of the plated-on material. It is antici 
pated that the outermost layer of a barrier material on 
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the lateral and/or end surfaces of the exposed parts of 65 
the ?bers will affect electrical ?ber brush performance 
in a similar manner with respect to the ?ber material 
and the outermost barrier layer, while the mechanical 

. 12 

properties of .the ?bers will'remain substantially those of 
the basic ?ber material. For selected cases, theoretical 
considerations indicate substantially reduced electrical 
loss when the brush ?bers are provided with an outer 
most barrier layer which exhibits lower ?lm resistance 
in use in conjunction with a contact, e.g. rotor of a 
particular material, than is realized with a bare metal 
?ber susceptible to the formation of higher resistance 
?lms when alone used in-contacting with the same 
contact material. Correspondingly, itis envisaged that 
outermost barrier layers of, say, silver, copper, gold and 
platinum group metals on the exposed parts of ?bers 
such as, say, of stainless steel, titanium, tungsten or 
nickel will permit at least partially combining the elec 
trical properties of the named barrier and ?ber metals 
while maintaining the strength and wear properties of 
the underlying ?bers. Multiple barriers will often be 
needed to put that principle into operation, however, in 
order to prevent the dissolution of an outermost barrier 
layer in the matrix during hot-forming and/or interme 
diate anneals, and/or its dissolution in the ?ber during 
subsequent use, especially at high current densities 
when the temperature at the ?ber ends typically rises 
well above the ambient, say to 180° C., more or less. 
The principle involved may‘ be demonstrated by the 
example of a barrier material consisting of a nickel layer 
over a gold layer over a nickel layer on copper ?bers in 
a copper matrix, wherein the outermost nickel layer is 
etched off before use of the brush. The above examples 
are given to demonstrate the principle and are‘not 
meant to be inclusive. _ m 

It is further noted that theory indicates most, and 
perhaps all, metal ?ber brushes torun better at reduced 
atmospheric pressure or in vacuum, since thereby both 
atmospheric lift and surface ?lm resistance are reduced. 
The metal ?ber brushes according to the invention are 
thus excellent, candidates for use in space and high fly 
ing aircraft, especially since graphite-based brushes do 
not perform‘satisfactorily in vacuum. 

Limitations of useful ?ber diameters derive from two 
sources. Firstly, whether deliberatelubrication is used 
or not, the air current about the rotor will prevent the 
?bers from contacting the rotor surface if the brush 
surface is too compliant. Secondly, if deliberate lubrica 
tion is used, one must suspect that too‘ thin brush ?bers, 
pressing against the rotor with insuf?cient force, will 
not penetrate lubricant surface ?lms. Much the same is 
true‘for extraneous surface ?lms such as are commonly 
formed under not very clean conditions. A third poten 
tial limit, namely that the a-spots should have a diameter 
larger than'the mean free path of the conduction elec— 
trons, is probably of secondary importance, except per 
haps at low temperatures Since either of the two former 
considerations make ?ber sizes below one micron or so 
impractical under almost all conditions. ~ 

In light of the above, basic theoretical considerations 
suggest that metal ?ber brushes with ?ber diameters 
between 1 and 120 um, preferably between 3 and 60 
um, and most usefully for the majority of applications 
between 6 and 50 um, having lengths on the order of 
one millimeter to approximately 2 cm, and with packing 
densities varying between 1 to 20% v(or perhaps moder 
ately higher depending on the vfriction between neigh 
boring ?bers), preferably . between 2.5% and 18%, 
should exhibit improved performance, provided that 
they are properly constructed and operated. In that 
regard, the requisite , operating ' conditions should in 
clude a light mechanical'loading well below that ‘em 



4,415,635 
13 

ployed for monolithic brushes under otherwise same 
conditions, and about equal to or less than that which 
causes equality between electrical and mechanical loss 
at peak operational current density. 
Regarding construction, one usually prefers the high 

est packing density compatible with good compliance, 
except when considerations of cost intervene as in the 
case of noble metal ?bers, in order to attain low losses 
and high peak current densities. Thus, one prefers to 
reduce friction among the ?bers since otherwise the 
brushes will not permit the ?bers to ?ex individually, 
which strongly suggests smooth, straight, and evenly 
spaced ?bers. It should be noted here, however, that 
once a brush is placed on a rotor, it may exhibit excel 
lent performance even if loaded well beyond its macro 
scopic yield point so that the ?bers mat together and the 
brush running surface appears almost solid. In fact, 
excellent results have been obtained in this mode of 
operation (see FIG. 6). 

Again, it depends on current density and speed what 
parameters of brush construction and operation are 
chosen. Evidently, even if they are macroscopically 
compacted, metal ?ber brushes may retain much local 
pliability, leaving a very large number of a-spots opera 
tive, with the commensurate excellent performance. 
_Whether the individual a-spots are elastically loaded (as 
seems to have been the case in experiments analyzed to 
date) or deformed plastically is not critical for the per 
formance of the brushes except that wear rates may be 
affected. In cases in which brushes may have to be 
removed from rotors or other contact surfaces intermit 
tently, and in which brushes undergo sideways displace 
ments during use, brush loads beyond the macroscopic 
plastic limit are inadvisable, however, because (it ap 
pears on account of insuf?cient remaining pliability), 
brush performance of such matted brushes is signi? 
cantly impaired by even minor changes of their align 
ment against the contacting surface. On each replace 
ment or relative sideways motion the brush load of 
brushes run in plastically deformed condition must be 
raised to restore the earlier excellent performance. This 
kind of behavior is not observed with elastically loaded 
?ber brushes. Relative insensitivity in regard to mis 
alignment of brushes is considered to be an important 
advantage, and elastic brush loading is preferred before 
macroscopically plastic loading for that reason, besides 
the fact that minimum wear appears to occur in the 
elastic range. ' 

The choice of materials is subject to different impor 
tant considerations, dependent on whether ?bers, barri 
ers, or matrix are concerned. The primary consideration 
in regard to ?ber materials, or barrier materials in the 
event that a barrier layer is provided on the exposed 
part of the ?bers, is that they should offer a low contact 
resistance when run against such surface materials as 
are commonly used in electrical contacts, including but 
not restricted to copper, silver, gold, rhodium and noble 

fmetal alloys. This property cannot readily be forecast 
since in the case of ?ber brushes it is dominated by ?lm 

~5resistance and the detailed properties of the ?lms are 
still far beyond the scope of present theoretical under 
standing. Thus, for example, data gathered to date indi 
cated that the ?lm resistance of platinum ?bers running 
on a silver rotor is considerably smaller than when 
running on gold, and when running on silver is smaller 
in atmospheric air than in an argon atmosphere-If ex 
hibiting suf?cient conductivity, barrier layers of carbon 
‘could remain on the ?bers, as also remnants of organic 
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barrier materials if they were graphitized during brush 
manufacture. 

Secondly, it is highly desirable that ?bers have high 
mechanical strength so that they (i) are able to sustain 
the loads imposed on them without undue plastic defor 
mation, in accordance with the previous discussion of 
this point, thus preserving the elastic compliance of the 
brush even at low packing densities, (ii) are not subject 
to premature fatigue failure in use, and (iii) have long 
wear life. 

Deformability so as to simplify manufacture of the 
brush stock is a very important consideration in select 
ing a ?ber material. Copper, for example, can be formed 
from bars into wires without intermediate anneals at 
room temperature, whereas iridium lies at the other 
extreme of deformability, defying attempts at deform 
ing it to any signi?cant degree at ambient temperature. 
A fourth consideration is chemical and thermal stability 
at ambient atmospheric conditions, and/or chemical 
stability in the atmosphere to be used up to the tempera 
ture of at least 150° to 200° 0, since these temperatures 
are typically encountered, at least locally, during the 
use of ?ber brushes, including that the ?bers must be 
solid up to those temperatures. If such stability is not 
present in atmospheric air up to about 200° C., protec 
tive atmospheres or protective or cooling liquids must 
certainly be used, thereby greatly adding to the costs. 
An example here is niobium, which can be used in con 
nection with liquid sodium and potassium and indeed is 
an excellent ?ber material for that purpose, but which is 
pyrophoric in small ?ber diameters when used in air. 
A ?fth consideration is cost. This clearly discourages 

the use of noble metals when other options are avail 
able. However, for high technology applications when 
high performance and/ or reliability are mandatory, the 
cost of the ?ber material may be judged insigni?cant as 
compared to the prior considerations of ?lm resistance, 
resilience, durability against fatigue and wear, and 
chemical stability, or- any combinations of these. Be 
sides, as pointed out already, prospects are that noble 
metal ?ber brushes will be made to save more than their 
cost in the form of reduced energy losses over their 
projected lifetime. 

Lastly, one may mention that a high melting tempera 
ture is desirable, all else being equal, since the attainable 
current density is certainly limited to that at which the 

I ?ber tips begin to melt. This consideration favors rho 
dium and platinum over gold and silver among the 
noble metals, and further is a reason why iron and steels, 
and nickel, tungsten, titanium and their alloys are useful 
?ber materials. 

In the above partial list of ?ber candidate materials, 
tungsten, having the highest melting temperature 
among all metals, is unique in that it is readily available 
in the form of very thin wires which is a very attractive 
feature since tungsten is dif?cult to deform. The reason 
why, in the case of tungsten speci?cally, the necessary 
technology for the formation of very thin wires in large 
quantities has been previously developed is its wide use 
for ?laments in lamps and electronic equipment as well 
as in ?ber reinforcement materials. 

Summarizing, ?ber materials made of noble metals, 
Ni, Cu, Fe, W, Ti, and high concentration alloys (i.e. 
70% or greater by weight of one or more of the listed 
elements) are suitable for use in the brush of the inven 
tion. 
The mandatory properties for matrix materials are 

less stringent than for ?ber materials. While the matrix 
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must have adequate electrical conductivity, the relevant 
length and cross-sectional area of the matrix are usually 
large enough so that its ohmic resistance is negligible 
compared to the ?lm resistance even if its resitivity is 
fairly poor. This is exempli?ed by the fact that carbon, 
a non-metal, is an acceptable matrix in monolithic 
brushes and would be acceptable as a matrix material 
also for many ?ber brushes, as indeed would be other 
non-metals, e.g. molybdenite, on the basis of electrical 
conductivity alone. The most important considerations 
in the selection of the matrix material from among the 
wide range of substances with adequate electrical con 
ductivity is deformability, preferably at ambient tem~ 
perature and with fairly low annealing temperatures, 
vwith good chemical stability, differential etchability, 
and low cost, in that order. In regard to chemical stabil 
ity, most of the common metals with melting points 
above, say 150° C., would be acceptable, including even 
niobium. Still, as for ?ber materials so also in the case of 
matrix materials, many metals are ruled out as'the major 
matrix constituent on account of insuf?cient chemical 
stability and/or low melting points. Mercury, sodium 
and potassium are examples here. 

Altogether, the mentioned properties desired for 
matrix and ?ber combinations may be so dif?cult to 
meet in speci?c cases that the choice cannot be re 
stricted to pure metals, but must be expanded to include 
a wide range of alloys, if one does not want to precu 
lude the development of the best possible metal ?ber 
brushes for a host of applications. A variety of metals 
which by themselves are unsuitable for both matrix and 
?ber materials will almost certainly be important alloy 
ing constituents in either the ?bers, or the matrix, or 
both. For example, measurements made with ?ber 
brushes on copper alloy rotors indicated small additions 
(< 5%) of zirconium to copper ?bers will substantially 
enhance their mechanical properties without signi?cant 
loss of electrical performance, whereas zirconium by 
itself will probably not be useful for ?ber brushes. This 
further suggests the use of small additions of ruthenium 
and/or iridium, among other possible choices, to gold 
used to make ?ber wires, to enhance the strength and 
wear resistance of gold ?ber brushes. Namely, in spite 
of their excellent performance (as demonstrated in 
FIGS. 6 and 10), wide-spread use of gold brushes will 
probably depend on their wear characteristics being 
signi?cantly improved. 
Manganese will be an essential constituent in most 

metal brush ?bers based on steels, stainless or otherwise, 
but will not be used by itself on account of its brittle 
ness. Yet, on account of their excellent mechanical 
properties, high melting temperatures, and relatively 
low cost, ?bers of nickel, iron, and steels are liable to 
become important, and in this regard titanium should be 
strongly considered also, in spite of the fact that little is 
known about the ?lm resistivities of these metals. 
The reason that differential etchability is placed after 

electrical conductivity, deformability and chemical 
stability in the choice of matrix materials does not mean 
that it is unimportant. Indeed, without it, metal ?ber 
brushes according to the invention can be barely made 
made at all. As a general though not entirely stringent 
rule, the etchability of the matrix metals improves the 
lower down they are placed on the electrochemical 
series. Thus aluminum, iron, and zinc are favored candi 
date materials. Magnesium would be especially favor 
able in this regard but poses the problem of being ?am 
mable. It is evident from this consideration that lead 
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would be a poor candidate material for the matrix'ssince 
it is comparatively noble. However, one potential 
method of making brush stock is infusion of the ?bers 
with molten matrix materials, and in this method 'lead 
and solders would be among the most likely choices. 
Alternatively, it is possible to remove the matrix not by 
etching but by dissolution in case the matrix should be a 
non-metallic conductor, or by melting in case of an 
adequately low melting temperature of the matrix. Nei 
ther of these options is de?nitely ruled out in this inven 
tion. However, lack of differential etchability rule out 
of consideration the noble metals, exclusive of silver. 

Etchability has been placed fourth among the desir 
able properties of matrix materials, not because of an 
overly wide choice of matrix materials, but because of 
the anticipation that barrier materials can be derived for 
a host of ?ber and matrix combinations which will over 
come the dif?culties that otherwise would be encoun~ 
tered in regard to etching, and which would indeed 
very seriously otherwise limit the range of metal ?ber 
brushes that could be made. This conceptual point is 
demonstrated by the example that copper ?ber brushes 
can be made with a copper matrix by the use of an 
aluminum barrier (compare FIG. 8 and the table of 
etching solutions). 
The barrier materials serve a very useful function in 

addition to the one in regard to etching, namely, as 
variously mentioned, to retard the dissolution of ?bers 
in the matrix during brush manufacture. In order to 
similarly inhibit the dissolution of layers of barrier mate 
rials into the matrix and/or the ?bers, multilayer barri 
ers are envisaged as essential. Thus, for example, it is 
planned to protect barrier layers of gold from dissolu 
tion in copper by barrier layers of nickel, gold being an 
excellent barrier candidate material for permitting dif 
ferential etching of the matrix. 
The example of gold as a barrier layer illuminates yet 

two further intended functions of some barriers, namely 
of increasing the chemical stability of the ?bers after 
etching away the matrix and/or of reducing the ?lm 
resistance, thereby enhancing brush performance. In 
order to ful?ll either or both of these functions, the 
barrier layer in question must remain on, or be applied 
to, the ?bers after etching away the matrix. In the case 
of gold and metals of the platinum group, if used as a 
barrier or part of a barrier within the matrix, it is virtu 
ally a'foregone conclusion that they will not be etched 
off. Namely, on account of its nobility, gold, for exam 
ple, can be etched away only from still more noble 
?bers, especially platinum ?bers, or any other type of 
?ber only if a non-porous still nobler than gold barrier 
underlies the gold. Since in each of these cases platinum 
only, say, would remain at the ?ber surface, after etch 
ing off the gold, and since platinum does not foreseeably 
require any protection by gold, such a combination 
would seem pointless. Thus, it is anticipated that when 
ever gold is used within the matrix as part of a barrier, 
it will remain on the ?ber material after etching. The 
same holds true for metals of the platinum group. If 
desired gold, as many other metals, may be applied to 
the protruding ?bers after etching. 
The above discussion illuminates a further consider 

ation in regard to the choice of barrier materials, 
namely that gold and metals of the platinum group must 
be avoided unless it is desired that they remain on the 
?ber as its ultimate surface material. Correspondingly, 
when one intends to make a brush of thin silver ?bers in 
a copper matrix (compare FIG. 7 and the table of etch 
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ants), agold barrier cannot be used to overcome the 
> problem of differential etching since the gold could 
' ?nally not be removed. Another barrier material, not 
necessarily of one layer, must therefore be devised in 
the case of thin silver wires in a copper matrix to permit 
differential etching of the matrix unless a more selective 
etchant than listed in the table should be developed. 

Platinum and/or gold surface layers on the ?bers 
protruding from the matrix are liable to be used widely. 
It is envisaged that brushes with ?bers of stainless steel, 
other steels and/ or nickel, for example, provided with a 
gold or a platinum barrier will show imroved perfor 
mance when run on selected contacting surfaces, e.g. 
silver. The example of nickel in combination with plati 
num brings up another point: as seen in FIG. 9, platinum 
?ber brushes are ver promising in spite of the fact that 
typically the ?lm resistance of platinum is fairly high. 
This is due to the high strength and high melting point 
of platinum. As shown by Holr'n' (R. Holm, Electric 

, Contacts, Springer, New York, e.g. FIG. 8.01), crossed 
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contacts of nickel rods have similar contact resistances v 
in air as those of platinum, and also the hardness and 
melting temperatures of nickel and platinum are similar. 
Besides, as is known from nickel platings, nickel has 
excellent chemical stability. It is therefore held probable 
that nickel ?ber brushes will become very useful. 

Returning to the possible use of a barrier to permit 
etching thin silver ?bers out of copper, note that in that 
case etching the matrix would leave an unwanted resi 
due of the barrier on the ?ber consisting of at least one 
non~porous layer, or perhaps two very slightly porous 
layers in combination. That residue would then need to 
be etched away from the ?bers extending from the 
matrix. Such etching could be done in the centrifuge or 
by dipping into a suitable etchant. Namely, with the 
‘matrix already removed from the essential, ?brous part 
of the brush, and the envisagedbarrier layers being only 
very thin, the discussed etching away of the barrier 
residue is by far simpler than etching away the matrix. 
This second etching step could be speeded up by using 
ultra sound. At any rate, it is not necessary to protect 

' the brush stock from the second etchant unless it should 
be highly corrosive to the copper matrix, but it is essen 
tial that the second etchant not be corrosive to the silver 
?bers. -' 

A further use of multiple barriers and the etching 
requirements arising therefrom can be demonstrated by 
‘expanding upon the preceding example of etching thin 
silver ?bers out of a copper matrix. Namely, provided 
that thin surface layers will indeed prove to enhance 
brush ?ber properties as anticipated, it would be advan 
tageous to use thin silver barriers on strong, resilient 
?bers such as say, titanium, among a wide choice of 
metals suitable for that purpose. With expected costs 
being higher when plating is done after the etching step, 
one would thus endeavor to devise a multiple barrier, 
including a silver layer designed to ultimately remain on 
the ?ber. However, after etching away the copper ma 
trix, silver could not be the outermost layer as desired, 

- since it would have to be protected by a barrier layer 
during etching of the copper matrix. Therefore, in the 
second etching step only the outermost part, but not all, 
of the remaining barrier would need to be etched away 
so as to ?nally yield a copper matrix brush with silver 
covered titanium ?bers. 

Besides the already discussed requirements, it is nec 
I essary that the barriers have adequate deformability and 
that they may be applied on the ?bers to the requisite 
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thickness in reasonable periods of time. Both of these 
conditions pose potential problems and thus they put a 
premium on methods that permit one to start the pro 
cess of brush stock manufacture with as thin ?ber wires 
as can be conveniently handled and are not unduly 
expensive. The herein disclosed method of making the 
brushes by ?rst coating ?ber wires (with or without a 
barrier) with matrix material before placing them into 
tubing, optionally together with matrix wires, and then 
drawing, bundling, shaping, and etching as outlined 
above, was designed with this problem in mind. 
Namely, while it is typically possible to speedily deposit 
thin layers of materials on long lengths of wires, e.g. by 
plating loosely wound spools or tows, etc., the deposi 
tion of thick layers typically requires times proportional 
to the layer thickness, largely independent of the area to 
be covered. In the method of the invention, therefore, 
after plating onto very thin (eg in the order of 100 pm 
thick) wires of ?ber metal, the desired barrier material, 
a layer of matrix material is deposited, which may or 
may not be done on the same spools or tows, as conve 
nient or desirable, thereby preventing subsequent direct 
contact between adjacent ?ber wires, while at the same 
time strengthening and thickening the ?ber wires as is 
often desirable for the subsequent steps of brush stock 
manufacture. The method has the additional advantage 
that is requires much less plastic deformation of ?bers 
and barriers to achive brush stock with the same ulti 
mate ?ber wire size than if one begins with thicker 
?bers. correspondingly, the latter method according to 
the invention permits or simpli?es the manufacture of 
electrical ?ber brushes with ?bers and/or barriers of 
marginal deformability. 

Altogether it is clear from the above considerations 
that the widest possible latitude in the choice of ?ber, 
barrier and matrix materials is mandatory for the in 
tended development of the best possible metal ?ber 
brushes designed for a wide diversity of anticipated 
applications with their wide diversity of needs. These 
needs include the requirements of: low loss per ampere 
conducted in stationary contacts or contacts in relative 
motion, high peak current density, high relative speed 
of slip rings, long brush life, minimal sparking and arc 
ing, low noise, high reliability small dimensions, easy 
application, simple replacement, operating capability in 
vacuum and a variety of atmospheres, operating capa 
bility in ?uids, operating capability in corrosive sur 
roundings, and/or operating capability outside of the 
usual range of temperatures, and any combination 
thereof, to name the most pressing needs that are met 
from case to case-without even mentioning cost, since it 
,is expected that ultimately in the majority of cases the 
overall cost of using metal ?ber brushes will be lower 
than for any other brushes ful?lling the same require 
ments. It might be added that at this point no satisfac 
tory brushes are available at any cost for a variety of the 
problems alluded to. As a consequence, sorne techno 
logical developments are stalled as mentioned already, 
while as demonstrated for example, in FIGS. 5 to 11, at 
least some characteristics of the restricted number of 
metal ?ber brushes made so far greatly surpass those of 
the best previously available brushes. 
With the above considerations in mind, several differ 

ent types of multi?ber electrical brushes according to 
the invention have been manufactured, namely using 
?ber wires of platinum, gold, palladium, sterling silver 
or niobium embedded in a copper matrix, and using 
gold ?ber wires in a silver matrix, with the ?bers having 
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a diameter varying from several to 120 pm, a length 
diameter ratio of larger or equal to 50, and a packing 
density between 3 to 20%. Similarly dimensioned 
brushes were made of copper ?bers with an aluminum 
barrier in a copper matrix. Also, the teachings of the 
invention are applicable to multi?ber electric brushes 
using metal ?ber wires embedded in an aluminum ma 
trix material. Copper metal ?bers have been found suit 
able for that purpose. ‘ ' 

The manufacture of the above-described multi?ber 
electrical brushes is now described‘. In its simlest form, 
the manufacturing method of the invention begins with 
a suitable multi-?lamentary material formed of a matrix 
material having embedded therein plural ?ber wires 
dimensioned as noted above, whereupon the contour of 
the future brush is shaped by mechanically shaping one 
end of the multi-?lamentary material to the desired 
composite shape of‘ the brush ?ber ends in the manner 
described above, including the possible provision for 
non-uniform ?ber deformation. Thereafter, a length of 
matrix material corresponding to the desired length of 
the individual brush ?bers is etched away, leaving the 
exposed brush ?ber wires. - ' 

In order to obtain suitable multi-?lamentary in the 
laboratory, various approaches were considered as de 
scribed in Adkins and Kuhlmann-Wilsdorf, Electrical 
Contacts, 1979,Ill. Techn., Chicago, Illinois, including 
the utilization of commercial superconductor multi-?la 
mentary materials, or the separate manufacture of multi- v 
?lamentary materials using the techniques employed in ' 
the superconductor industry, or the possibility of mak 
ing the required samples in he laboratory by extruding, 
swaging, rolling and/or drawing down suitable materi 
als which are ?ne mixtures of the intended matrix and 
?lamentary metals, or the use of polycrystalline whis 
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kers of iron or nickel in?ltrated with another material. ' 
For various reasons, each of these approaches upon 
further consideration has been found suitable for deriv 

' ing, in a laboratory without much equipment, suitably 
vdimensioned multi-?lamentary materials as required for 
making the ‘electrical brush according to the invention. 

Perhaps the initially most tempting of the above tech 
niques found unsuitable for making the electrical brush 
of the invention is to take commercially available multi-’ 
?lamentary'materials otherwise used in super conduct 
ing machinery and to etch out the matrix to expose the 
super conducting ?laments and hence to producethe 
resultant exposed brush ?bers. However, the commer 
cial super conducting product is ill-suited for metal ?ber 
brushes, being typically of too small a cross-sectional 
area, much too 'high a packing density, incorporating 
metal shields of a third material, with twisted ?bers 
incapable of independent motion, and ?bers made of 
unsuitable material, or any combination of these fea 
tures. However, several brushes with twisted niobium 
?bers were made in this manner and tested. Ultra sound 
was used to perform the etching. These brushes were 
unsatisfactory due to the ?ber twist and the pyrophoric 
nature of the ?bers. 
The requisite etching away of a matrix material from 

multi-?lamentary materials of large diameter with very 
thin closely spaced ?bers using previously known meth 
ods is satisfactoy only for exposed ?ber lengths not very 
much larger than the ?ber spacing. The scienti?c rea 
sons why the noted etching away of matrix material 
from among thin, densely spaced ?bers to a predeter 
mined smooth level is slow and often ‘very dif?cult are 
two-fold. Firstly, capillary forces interfere with etching 
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to a smooth well-de?ned level if the etchant surface is 
either depressed or drawn up on outer and inner sur 
faces of the etched body (in the latter case commonly 
referred to as “wicking”) depending on local composi 
tion and possible contamination. The height of the ir 
regularities of the etched front derived from this action 
is inverse to the gravitational force. In a centrifuge 
many “g’s” are supplied and the height of the irregular 
ities is correspondingly reduced. Secondly, the circula 
tion and/or diffusion of theetchant among the ?bers is 
slowed on account of the too narrow passages available 
among the ?bers. This circulation and/or diffusion is 
driven by concentration gradients as the etching solu 
tion becomes enriched with the ions of the dissolved 
matrix. The principal mechanism by which circulation 
currents are driven under such circumstances is convec 
tion by gravity since the ionenriched etchant tends to 
have a greater speci?c gravity than fresh etchant, or in 
some cases might indeed even be lighter. Furthermore, 
not infrequently gases, speci?cally often hydrogen, are 
developed which form bubbles rising upwardly in the 
liquid through gravity. With too densely packed multi 
?lamentary materials, convection is more strongly im 
peded due to'too narrow passages than diffusion, and 
the escape of gas bubbles is similarly strongly hindered. 
Consequently, etching slows down greatly with diffu 
sion rather than convection becoming the rate-controll 
ing process. For very densely spaced ?bers this is ex 
pected to occur once the protruding ?ber ends orthe ‘ 
layer thickness of bared parallel ?ber lengths become 
several times larger than the size of the average ?ber 
spacing. Furthermore, etching is further complicated, if 
not made impossible, where metal shields of a third 
material not attacked by the etchant were used in rebun 
dling, and not removed on subsequent rebundlin'g, so 
that these shields are left in‘ the multi?laments surround~ 
ing tubular elements of the matrix material and enclosed 
?ber bundles, thereby blocking etchant access to the 
matrix material within the bundles. Pursuing this prob 
lem in the case of niobium ?bers in a bronze matrix 
encased with intermediate tantalum shields, the applica 
tion of ultrasound during the etch was found to be most 
helpful. 
Faced with the above dif?culties, the method of the 

invention is designed to prepare metal ?ber brushes of 
variable packing density and ?ber diameter wherein 
there is almost no limit to the packing density and fiber 
sizes. According to the invention, ?bers can be made a 
few microns thick or perhaps even less than 1 pm, and 
the packing density can be readily varied between less 
than 1% and 10’s of percent, typically between 2.5% 
and 20%. Similarly, ?ber lengths can be varied within 
very wide limits. Including the use of barrier materials, 
vthe choice of materials for ?bers and matrix is very wide 
and limited only by the need for adequate plastic de 
formability, chemical stability, melting temperatures 
above about 150 to 200° C. for the matrix and above 
200° C. for the ?bers, and the availability of selective 
etching agents suitable for removing matrix material 
between the ?bers without signi?cantly attacking the 
?bers or at least one non-porous layer of the barrier 
material surrounding them, in agreement with the dis 
cussion on materials choices presented hereinabove. 

In one, ?rst, method of the invention to produce 
brush stock in the laboratory, mixtures of wires of the 
desired ?ber material with or without barrier material, 
and wires of the matrix material are placed into tubing 
of the matrix material and drawn down until the ?ber 
















